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TUBULAR T-JOINTS SUBJECT TO 
COMBINED ACTIONS 
Xiao-Ling Zhaol and Gregory J. Hancock2 . 
Summary 
An extensive test program on a range of cold-formed rectangular and square hollow sec-
tions subjected to combined bending and concentrated force is described. ,The concentrated 
force was applied by welding a square hollow section (called the branch member) to the 
centre of the member under test (called the chord member) and perpendicular to it. The 
chord member was simply supported with the concentrated force at the centre of the span. 
The span was varied in order to determine the interaction relationship between bending 
moment and concentrated force. Tests under pure moment and pure concentrated force 
were performed for control purposes. 
The ratio of the width of the branch member to the chord member ((3) used varied from 
0.5 to 1.0 so that failure modes ranging from local bending and buckling of the face of 
the chord member to web crippling were observed. in addition, the thickness of the chord 
member sections was varied so as to produce a range of section slenderness and failure 
modes from buckling to yielding. 
The results are compared with the design procedures in the AISI-1986 Specification, 
Australian Standard AS1538-1988, the CIDECT Monograph No. 6 and other proposed 
procedures. In addition, a comparison with plastic mechanism models is provided. 
Postgraduate Student, School of Civil and Mining Engineering, 
University of Sydney, Australia, 2006. 
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The design of welded connections in tubular structures has been well researched (CIDECT, 
1986) and is still being heavily investigated (Lappeenranta University, 1989). However, a 
large amount of this research applies mainly to joints in two and three dimensional tri-
angulated structures. Joints can occur in tubular structures where the main member is 
subjected to bending moment rather than axial force, particularly for rigid-jointed frames. 
This paper describes tests of joints in this latter category, including comparisons with de-
sign procedures. 
In recent years, the design of tubular structures has been included in the steel de-
sign standards for hot-rolled members (Canadian Standards Association (1984), British 
Standards Institution (1985), American Institute of Steel Construction (1986), Standards 
Association of Australia (1984), Eurocode 3 (1983)) and cold-formed members (British 
Standards Institution (1987), Standards Association of Australia (1988), American Iron 
and Steel Institute (1986), ECCS (1987)). In these standards, although design rules exist 
for tubular members for pure axial force, pure bending, and combined axial force with 
bending, very little design information is available for tubular members subject to com-
bined bending and concentrated force. Rules for this problem in the existing standards 
mainly apply to I-sections in the hot-rolled standards, and channel, zed and hat sections 
in the cold-formed standards. It is the purpose of the research program described in this 
paper to attempt to provide design guidance in this area for tubular members. 
In this paper, an extensive test program on a range of cold-formed rectangular and 
square hollow sections subjected to pure moment, pure concentrated force and combined 
bending moment and concentrated force is described. The parameters varied in the tests 
were: (1) the ratio of the width of the branch member to the chord member (f3), (2) the 
slenderness of the chord member sections, (3) the span of the simply supported chord 
members, and (4) the shape ofthe sections (i.e. square or rectangular). 
The results are compared with design procedure in the AISI-1986 Specification, the 
Australian Standard AS1538-1988, the CIDECT Monograph No.6, the British Standard 
BS5950-Part 5 (1987), the AWS (1986) and a design proposal by Packer (1984). A com-
parison with plastic mechanism models is also provided. 
2 TEST SECTIONS AND PROPERTIES 
2.1 SELECTION OF SECTIONS AND FABRICATION 
Cold-formed rectangular hollow sections (RHS) and square hollow sections (SHS) were 
used in the tests. These sections were produced by cold-forming and electric resistance 
welding and were the same type as described in earlier column tests by Key, Hasan and 
Hancock (1988) a.nd earlier beam tests by Hasan and Hancock (1989) for which typical 
stress-strain curves and residual stress patterns were given. Six different section sizes 
(three RHS and three SHS) were chosen for the chord members and two sizes of SHS were 
chosen for the branch members as shown in Table 1. The section nomenclature is shown 
in Fig. 1. Further details of these sections can be found in the manufacturer's catalogue 
(Tubemakers of Australia Limited, 1984). The nominal yield stress of the material was 
350 MPa (50.8 ksi). The sections were manufactured to the requirements of AS1163 (Stan-
dards Association of Australia, 1981). 
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The branch members were welded to the chord members by fillet welds. The measured 
size (horizontal leg length) of the fillet welds varied from 6.5 mm (0.256 in.) to 7.0 mm 
(0.276 in.). 
2.2 MECHANICAL PROPERTIES 
Tensile and compression coupons were taken from the flanges, webs and corners of the 
sections. The flat tensile coupons were prepared and tested according to Standards Asso-
ciation of Australia (1974) to determine the yield stress (Fyt ), the tensile strength (Fut ) and 
the percentage elongation (eu ) at the ultimate strength. All the corner tensile coupons ex-
cept those from sections C21 and C22, had their ends Hattened in a press and were gripped 
in the same manner as the flat tensile coupons. The corner coupons from sections C21 and 
C22, had holes drilled in their ends and were tested by loading through pins in the holes. 
The compression coupons were rectangular (95mm x 25mm) (3.74in. x 0.984in.) with all 
edges being milled and were tested in a greased steel jig of a similar type to that described 
by Karren (1967). 
The tensile and compression coupons were tested in a 250 kN (56 kips) capacity Instron 
Universal Testing Machine using a calibrated extensometer on a 10 mm (0.394 in.) gauge 
length. The average measured values of the tensile yield stress (Fyt ), the tensile strength 
(Fut ) and the percentage elongation at ultimate (eu ) are presented in Table 2 where they 
are compared with nominal yield stress (Fyn) and tensile strength (Fun). The 0.2 percent 
proof stress was used as the yield stress for all coupons since they all exhibited gradual 
yielding. The mean tensile yield strengths of the corner coupons were found to be 32.6 
percent higher than those of the flat coupons. The measured yield stress (Fyc) of the 
compression specimens taken from the flats is given in Table 3. The ratio of the mean 
measured yield stress in compression in the flats was found to be 7.5 percent lower than 
the mean measured yield stress in tension in the flats. 
3 PURE CONCENTRATED FORCE TESTS 
3.1 SPECIMEN GEOMETRY AND TEST PROCEDURE 
The pure concentrated force tests have been labelled Series 1 (Sl). Eight specimen types 
were tested under concentrated force alone as set out in Table 4 where the Specimen No. 
indicates the Series (Sl), the branch member (B1 or B2) and the chord member (Cll --+ 
C23). The test results are also given in Table 4 where Pfl and Pf2 are the defined failure 
loads of Test Nos. 1 and 2 respectively. All the tests were performed in a 2000 kN (449 
kips) capacity DARTEC servo-controlled testing machine. Loading was applied at the top 
end of the branch members as shown in Fig. 2(a). The test specimens were seated on the 
solid steel base plate of the DARTEC testing machine. 
Six displacement transducers were used to measure the deformation of the web and top 
flange as shown in Fig. 2(b). The transducers 3, 4, 5 and 6 were located on the specimen 




For f3 = 1.0, Pf is the maximum load in a typical load versus deflection (8m ) (deformation 
on the top flange at the specimen centreline determined using the mean value of the 
readings from Gauge 3 and Gauge 4) curve as shown in Fig. 3. For f3 = 0.5, Pf is the 
yield load (Py ) determined from the intersection of two tangents in a typical load versus 
deflection (8m ) curve as shown in Fig. 4. The values of P", the ultimate load, are also 
given in Table 4 for the f3 = 0.5 specimens. The failure modes are shown in Figs. 5( a) and 
5(b). As f3 varies from 0.5 to 1.0 the failure modes vary from local bending of the face of 
the chord member as shown in Fig. 5(a) to web buckling as shown in Fig. 5(b). 
4 PURE BENDING TESTS 
4.1 SPECIMEN GEOMETRY AND TEST PROCEDURE 
The pure bending tests have been labelled Series 2 (S2). Two beam tests were performed 
for each of the six sections (C11 -7 C23) in Table 1. The tests were carried out in a 
2000 kN (449 kips) capacity DARTEC servo-controlled testing machine and the schematic 
view of the general test set up is shown in Fig. 6. The test specimens were supported on 
half rounds placed upon Teflon pads to simulate the simply supported end conditions in a 
similar manner to those described by Hasan and Hancock (1989). 
Four strain gauges were mounted at midspan, two on the top flange and two on the 
bottom flange of each specimen to measure the longitudinal strains adjacent to the edges 
of the RHS faces as shown in Fig. 6. Three displacement transducers were used to measure 
the vertical deflection at the midspan and under the loading points as shown in Fig. 6. A 
SPECTRA automatic data acquisition system was used to record all of the strain gauge 
and transducer readings. 
4.2 RESULTS 
The maximum bending moment (Mmax) obtained from each of the tests is listed in Table 
5 and is compared with its nominal plastic moment (Mpn) which is based on the nominal 
yield stress of (Fyn) 350 MPa (50.8 ksi) and the nominal section dimensions and thickness. 
The second test for each section size was performed several months after the first and the 
approximately constant increase in capacity may be attributable to strain ageing. The 
tensile and compression coupon tests described in Section 2.2 were performed at approxi-
mately the same time as the second test for each section size. 
Graphs of dimensionless bending moment versus dimensionless curvature are shown 
in Fig. 7 for the first test performed for each section size. The values of the curvature 
(K,) were determined from both the strain measurements and the deflection measurements 
in the same manner as described by Hasan and Hancock (1989). There was very good 
correlation between the values of curvature determined by these two methods except in 
the case of specimen S2C13 which buckled locally after which point the average curvature 
based on the deflection was used. The curvatures used in Fig. 7 were determined from 
deflection measurements. The increase in moment over the nominal capacity is partly 
attributable to the strain hardening at low values of strain and the strength-enhancing 
effects of cold-forming and partly attributable to the increase in the yield stress (Table 2) 
above the nominal value of 350 MPa (50.8 ksi). 
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5 COMBINED COMPRESSION AND BENDING TESTS 
5.1 SPECIMEN GEOMETRY AND TEST PROCEDURE 
The combined compression and bending (interaction) tests have been labelled Series 3 (S3). 
A total of 38 interaction tests were performed as set out in Table 6 where the Specimen 
No. indicates the Series (S3), the branch member (B1 or B2), the chord member (Cll --+ 
C23) and the span (A2 --+ AO.5) as described below. 
The specimens listed in Table 6, excluding those marked with asterisks, were tested in 
a 2000 kN (449 kips) capacity DARTEC servo-controlled testing machine. The specimen 
marked with an asterisk in Table 6 was tested in a 1200 kN (270 kips) capacity AVERY 
testing machine and those with a double asterisk in Table 6 were tested in a 400 kN (89.9 
kips) capacity MOHR & FEDERHAFF testing machine. These tests were all short span 
tests. The same technique was used to simulate the simply supported end conditions as 
used for the pure bending tests. However, as shown in Fig. 8(a), loading was applied by 
the single branch member rather than two point loading. Two strain gauges were mounted 
on the bottom flange at the centre of each specimen to measure the longitudinal strains 
adjacent to the edges of the RHS faces. Seven displacement transducers were used to 
measure the deformation on the web and flange and the vertical deflection at the midspan 
as shown in Fig. 8(b). The transducers 3, 4, 5, 6 and 7 were located on the specimen 
centreline. The transducers 5 and 6 were fixed on the web by using a magnetic base. A 
SPECTRA automatic data acquisition system was used to record all of the strain gauge 
and transducer readings. A photograph of the testing arrangement in the DARTEC rig is 
shown in Fig. 9. 
The span of the simply supported chord members was varied in order to determine the 
interaction relationship between moment and concentrated force. The span used in the 
tests was calculated according to Eq. 1. 
(1) 
in which, a is the distance from the centre of the chord member to the supporting point 
as shown in Fig. 8(a), Mmax is the maximum bending moment determined from pure 
bending tests and Pr is the failure load determined from the pure concentrated force tests. 
The factor k was chosen in the tests to allow determination of the interaction of bending 
moment and concentrated force over a range of their ratio. Hence tests- with k = 1, 
correspond to maximum combined moment and concentrated force and are called Al in 
the nomenclature. Tests with k = 0.5 had a lower ratio of moment to concentrated force 
and are called AO.5 in the nomenclature. Tests with k = 2 had a greater ratio of moment 
to concentrated force and are called A2 in the nomenclature. Other tests with k = 0.75, 1.5 
are called AO.75, A1.5 respectively in the nomenclature. 
5.2 RESULTS AND DISCUSSION 
Typical load versus deflection (15m ) curves are compared with those of the pure concen-
trated force tests in Figs. 10(a) and lO(b). The values of 15m were the difference between 
the reading of Gauge 7 and the mean readings of Gauges 3 and 4 in Fig. 8(b). For p = 1.0 
(Fig. 10(a», the web crippling capacity is reduced. For p = 0.5 (Fig. 10(b», the effect of 
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bending moment reduces the frolure load and the curve becomes flatter after failure. 
The interaction diagrams are shown in Figs. Il(a) (13 = 1.0) and ll(b) (13 = 0.5). The 
normalizing values Mmax and Pj in the diagram are the test values (Mmax2 in Table 5 and 
Pf2 in Table 4) for the pure moment and the pure concentrated force cases respectively. 
For all tests, the web crippling capacity is reduced by the effect of bending moment pro-
ducing longitudinal stress in the web of the RHS section. The increase in capacity above 
M = Mmax is most likely due to the effect of the finite size of the branch member welded to 
the chord member. For 13 = 1.0, increasing the slenderness of the chord member (Cll --+ 
C13) has a very small effect on the interaction diagram. For M:'a% less than approximately 
1.0, there is very little effect on the ratio fl;. For 13 = 0.5, increasing the section slender-
ness of the chord member (C21 --+ C23) has a greater effect on the interaction diagram. 
For MM less than 0.5, there is very little interaction effect on the ratio pp. When MM 
m.Q% f max 
exceeds 0.5, the effect of the slenderness of the chord member on the degree of interaction 
becomes significant. 
An interaction formula (Eq. 2) is proposed here for design for 13 < 1.0: 
(2) 
in which, the value of M~ax is the theoretical value of the fully plastic bending moment 
determined from (S x Fy) where S is the plastic section modulus and Fy can be the nominal 
tensile yield stress (Fyn) or measured tensile yield stress (Fyt ). The theoretical interaction 
diagram based on Fyn will be more conservative than that based on Fyt . The value of P; 
is the theoretical value of the frolure load under concentrated force alone which can be 
determined from various plastic mechanism models such as the CIDECT model or Kato 
model described in Section 6.2 or determined from other theoretical analyses (eg. finite 
element analysis). The more precise is the theoretical analysis to determine p;, the better 
will be the prediction of the interaction diagram. 
6 COMPARISONS OF CONCENTRATED FORCE TESTS WITH 
DESIGN PROCEDURES AND THEORETICAL MODELS 
6.1 COMPARISON WITH PROPOSED DESIGN PROCEDURES 
For 13 = 1.0 , the test values of web crippling load are compared with those determined from 
the proposed design procedures listed in Appendix-D. The formulae in the AISI Specifica-
tion and the Australian Standard AS1538 are based on the permissible (allowable) stress 
method. The formula in BS5950 is in an ultimate limit state format and has been derived 
from the AISI Specification factored by 1.76. Packer's formula is in an ultimate limit state 
format. The formulae in CIDECT and AWS are the ultimate limit state. The comparisons 
are presented in Table 7. The yield stresses (fy, Fy, Fyo, Py) used in the above equations 
are the values determined from tensile coupon tests of the flat material (see Table 2). The 
value of Pj is the frolure load determined from the pure concentrated force tests as given 
in Table 4. 
Both in the CIDECT Monograph and the AWS Standard, better prediction was ob-
troned using an effective length factor for the web Ke = 0.5 since the reduced effective 
length better represents the situation with restraint against web rotation. The formulae 
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from BS5950, the AISI Specification and AS1538 used in this paper were those considering 
restraint against web rotation. BS5950 gives a better prediction (Pp/ Pj = 0.97) than the 
CIDECT Monograph or AWS Standard. For the AISI Specification and AS1538, the com-
puted mean factor of safety is 1/0.551 = 1.81 which appears slightly conservative when 
compared with the usual factor of safety of 1.76 in permissible stress codes. If the formula 
for shapes having single webs (i.e. no restraint against web rotation) in BS5950 is used, 
the ratio Pp/Pj would be reduced to 0.765. Hence for T-Joints, the restraint against web 
rotation due to the welding of the branch member to the chord member can be regarded as 
adequate for the design rules in BS5950, the AISI Specification and AS1538. From Table 7, 
it can be seen that as the section web slenderness increases, all the design formulae become 
more conservative especially for one case in Packer's formula for the specimen SlB1C12 
for which its measured tensile yield stress was unusually low (330 MPa) (47.9 ksi). 
6.2 COMPARISON WITH PLASTIC MECHANISM MODELS 
For (3 = 0.5, the concentrated force tests presented in this paper are compared with the 
plastic mechanism analysis summarized in the CIDECT Monograph (1986) and by Kato 
(1980) and also with a modified version of the Kato model. The formulae are listed in 
Appendix-C. The Kato model is essentially the same as the CIDECT model except that 
the dimensions of the mechanism have been altered to allow for the finite size of the fillet 
welds and round corners. The loads predicted by the models are compared with the test 
results in Table 8. The size of the fillet welds used in the Kato model are the measured 
value of 7.0 mm (0.276 in.). The values of Py and Pu in Table 8 are the values of Pj and 
Pu respectively in the Table 4. The predicted loads Peg, Phy and P~y are the yield loads 
predicted by the CIDECT model, Kato model and modified Kato model respectively where 
the tensile yield stress (Fyt) was used in their calculation. The predicted loads Peu, Pku 
and P~u are the ultimate loads predicted by the CIDECT model, Kato model and modified 
Kato model respectively where the tensile strength (Fut ) was used in their calculation. The 
ultimate models do not account for membrane action. 
From Table 8, it can be seen that the CIDECT model is conservative and the Kato 
model is unconservative when predicting the yield load. The reasons for the conservatism 
of the CIDECT model were described in CIDECT Monograph No.6. The reasons for the 
unconservatism of the Kato model is most likely due to consideration of the hinges on 
the centre of the corners which did not occur in the tests as a result of material strain 
hardening in the corners. The hinges were found to be located on the web adjacent to 
the corners. A very simple modification of the Kato model is to move the hinges from the 
centre of the corners to the top of the web adjacent to the corners so that b~ = bo as in the 
CIDECT model. The yield load (P~!I) and ultimate load (P~u) based on this modification 
are also compared with test results in Table 8 and produce more accurate estimates of the 
failure loads. The prediction of the ultimate loads based on Fut are less reliable than those 
based on Fyt probably as a consequence of the effect of membrane stresses on the ultimate 
load which were not accounted for in the plastic mechanism models. Further investigations 
of plastic mechanisms for both yield and ultimate conditions are being carried out in the 
School of Civil and Mining Engineering at the University of Sydney. 
7 CONCLUSIONS 
An extensive test program on a range of cold-formed rectangular and square hollow sec-
tions subjected to pure moment, pure concentrated force and combined bending moment 
552 
and concentrated force has been described in this paper. The parameters varied in the 
tests were: (1) the ratio of the width of the branch member to the chord member ((3), (2) 
the slenderness of the chord member sections, (3) the span of the simply supported chord 
members, and (4) the shape ofthe sections (i.e. square or rectangular). 
The following observations and conclusions are made: 
• In the pure concentrated force tests, as (3 varies from 0.5 to 1.0, the failure modes 
vary from local bending of the face of the chord to web buckling. For (3 = 1.0, 
comparison was made in Table 7 with some proposed design procedures based on 
web crippling formulae. The use of an effective length factor (Ke) of 0.5 with both 
the CIDECT Monograph formulae and AWSformulae produce conservative results. 
The formulae in BS5950 Part 5, which are the same as those in the AISI Specification 
and AS1538 factored by 1.76, produce the best estimates of the failure loads. The 
formulae used in BS5950 are those which consider restraint against web rotation. 
For (3 = 0.5, comparison was made in Table 8 with the plastic mechanism analysis 
summarized in the CIDECT Monograph and by Kato. The CIDECT model is too 
conservative and the Kato model is unconservative when predicting the yield load. 
A simple modification of the Kato model gives better results in predicting the yield 
load. 
• In all the pure bending tests, the maximum bending moment attained by a specimen 
exceeded the nominal plastic moment (Mpn). This was partly attributable to the 
strain hardening at low values of strain and the strength-enhancing effects of cold-
forming and partly attributable to the increase in the yield stress (Table 2) above the 
nominal value of 350 MPa (50.8 ksi). 
• In all the interaction tests, the increase in capacity above Mmax is most likely due 
to the effect of the finite size of the branch member welded to the chord member. 
For the tests with (3 = 1.0, increasing the slenderness of the chord member has a 
very small effect on the degree of interaction shown on the diagram. For M~a% less 
than approximately 1.0, there is very little effect on the ratio ~. For the tests with 
(3 = 0.5, increasing the section slenderness of the chord member results in greater 
interaction between bending and concentrated force. For M~a% less than 0.5, there 
is very little effect on the ratio pp. However, when MM exceeds 0.5, the degree of 
f max 
interaction becomes significant particularly for more slender sections. Until further 
research in this area is complete, a circular interaction formula is proposed which is 
a lower bound to all of the results for the sections tested. 
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B NOTATION 
a Distance from the centre of the chord member to the 
supporting point (see Fig. 8(a» 
B Width of SHS or RHS 
bo Width of chord member section 
bI Width of branch member section 
D Depth of SHS or RHS 
E Young's modulus of elasticity (200,000 MPa) (29,006 ksi) 
eu Percentage elongation at ultimate stage 
Fun Nominal tensile strength 
Fut Measured tensile strength 
F,In Nominal tensile yield stress 
Flit Measured tensile yield stress 
h Height of the branch member 
ho Depth of chord member section 
hI Depth of branch member section 
k Interaction factor (see Section 5.1) 











Maximum bending moment 
Theoretical prediction of fully plastic bending moment 
Fully plastic bending moment based on Flln and Flit respectively 
Load 
Yield load determined from CIDECT model 
Ultimate load determined from CIDECT model 
Failure load determined from T-joint tests 




Yield Load detennined from Kato model 




Load capacity determined from proposed design procedures 
Ultimate load determined from the pure concentrated force tests 










Plastic section modulus 
Thickness of SHS or RHS 
Thickness of the chord member section 
Thickness of the branch member section 
Ratio of the width of branch member to chord member 
Deformation on the top flange at specimen centreline or midspan 
Curvature of the beam 
Nominal curvature of the beam 
Tensile yield stress 
C PLASTIC MECHANISM FORMULA 
For fJ = 0.5, the test results of flange yielding capacity and ultimate load of the T-Joints 
are compared with the following plastic mechanism: 
1. CmECT Monograph No.6, Section 6, 1986, P.6.57 
. hich M ~ Inw , P=4 
2. Kato, B. (1980), "T-Joints Made of Rectangular 'lUbes", Proceedings, Fifth Interna-
tional Specialty Conference on Cold-formed Steel Structures. 
in which, Mp = ~ 
fJ' = b~/b: 
b: = bo - (4 - 1.5V2)to 
b~=bl+2s 
h~=hl+2s 
8Mp [h' / ' r.;--;;;) P = 1 _ fJ' 1 bo + 2V 1 - fJ . 
s= the size of the fillet weld. 
3. Modified Kato model 
Same as 2. above except that b: = boo 
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D PROPOSED DESIGN PROCEDURES 
The notation for this Appendix is the same as the documents referenced unless otherwise 
specified. 
For f3 = 1.0 , the test results of web crippling load are compared with the following 
proposed design procedures: 
1. CIDECT Monograph No.6. 
Section 6, 1986, P.6.85 
where Uk is the strut buckling strength of the chord side wall derived from standard 
collumn curves. In this paper, the Draft Limit State Australian Standard DR87164 
(Standards Association of Australia, 1987) has been used with Uk = fXckdy, and the 
geometrical slenderness ratio used is 
where ho, to are given in Appendix B, and the effective length factor Ke has the values: 
Ke = 1.0 (Simply supported), Ke = 0.76 (CIDECT for T-Joint(P.6.75)), Ke = 0.72 
(SAA 1987 (Section 5, P.72)) and Ke = 0.5 (Fixed supported). Pp in Table 7 is taken 
as NB . 
2. Structural Welding Code (AWS 1986), 10th edition. 
Section 10.5.2.1(3) 
where Fk is derived from the AISI LRFD Specification (American Institute of Steel 
Construction, 1986) such that 
if Ac ~ 1.5 
ifAc> 1.5 
where 
where ho, to are given in Appendix B, and the effective length factor has the same 
values as in 1. above. Pp in Table 7 is taken as N I ". 
3. Packer, J. (J. Struct Engin., ASCE, 110(10), 1984) 
Equation 6. 
N = F. bO.3t1.7(3 8 + 10 75(bl + hI )2) 1u yo 0 o· • 2bo 
where bo, to, bb hI are defined in Appendix B, and Pp in Table 7 is taken as N I". 
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4. Specification for the Design of Cold-Formed Steel Structural Members (AISI 1986) 
Equation C3.4-5 
Pa = t2FyCs(0.88 + 0.12m)(7.50 + l.63JN/t) 
where m = t/0.075, t is in inch, Fy is in ksi, Pa is in kips and Cs = 1.49 - 0.53Fy/33 
or in S.I units m = t/1.905, t is in mm, Fy is in MPa, Pa is in N and Cs = 1.49 -
0.53Fy/228. Pp in Table 7 is taken as twice Pa. 
5. Code of Practice for Design of Cold-Formed Sections, BS5950, Part 5 (British Stan-
dards Institution, 1987). 
Table.8 
where t is in mm, py is in MPa, Pw is in N, Cs = 1.49 - 0.53py/228 and C6 
0.88 + 0.12t/1.9. Pp in Table 7 is taken as twice Pw • 
6. Cold-Formed Steel Structures Code, AS1538-1988 (Standards Association of Aus-
tralia, 1988). 
Table 3.5.1.2 
where t is in mm, Fy is in MPa, P max is in N, Cs = 1.49 - 0.53Fy /228 and C6 = 
0.88 + 0.12t/1.905. Pp in Table 7 is taken as twice Pmax . 
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Table 1 : Section Dimensions 
Type Section Section Geometry Shape (B-2t)jt 
No. D x B xt 
Cll 102 x 51 x 4.9 RHS 8.37 
C12 102 x 51 x 3.2 RHS 13.9 
Chord C13 102 x 51 x 2.0 RHS 23.4 
C21 102 x 102 x 9.5 SHS 8.69 
C22 102 x 102 x 6.3 SHS 14.1 
C23 102 x 102 x 4.0 SHS 23.4 
Branch B1 51 x 51 x 4.9 SHS 8.37 
B2 102 x 102 x 8.0 SHS 10.7 
(lin. = 25.4mm) 
















Fyn = 350MPa 
Fun = 430MPa 















Fut Fut/Fyt Fyt/Fyn Fut/Fun 
(MPa) 
575 1.031 1.594 1.338 
418 1.104 1.083 0.973 
510 1.089 1.336 1.185 
431 1.307 0.942 1.002 
547 1.083 1.444 1.273 
467 1.166 1.143 1.085 
558 1.088 1.466 1.298 
454 1.079 1.202 1.055 
573 1.064 1.539 1.334 
455 1.104 1.176 1.057 
560 1.031 1.548 1.302 


























Fyn = 350MPa 
















Table 4 : Results of Concentrated Force Tests 
Specimen Pf ! Pf2 Pf Pu1 Pu2 Pu 
No. (kN) (kN) (Mean) (kN) (kN) (Mean) 
S1B1Cl1 307 326 316 - - -
S1B1C12 162 164 163 - - -
SIB1C13 77.2 75.4 76.3 - - -
S1BIC21 424 420 422 442 434 438 
S1B1C22 176 174 175 244 246 245 
S1B1C23 66.7 68.2 67.4 127 142 135 
S1B2C21 1207 - 1207 - - -
S1B2C22 652 - 652 - - -
(lkip = 4.45kN) 
Table 5 : Results of Pure Bending Tests 
Specimen Mmaxl M max2 Mmax Mmax/Mpn 
No. (kNm) (kNm) (Mean) 
S2Cl1 17.6 19.9 18.8 1.32 
S2C12 11.5 12.4 11.9 1.19 
S2C13 7.57 8.25 7.91 1.18 
S2C21 53.1 56.1 54.6 1.47 
S2C22 35.3 39.9 37.6 1.36 
S2C23 23.7 25.5 24.6 1.29 
(lkip - in = 0.113kNm) 
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a L h 
(mm) (mm) (mm) 
230 1200 200 
115 530 100 
57 414 100 
286 1200 200 
143 586 100 
72 444 100 
392 1200 200 
196 860 200 
98 496 100 
176 652 200 
218 1200 200 
500 1470 200 
250 1200 200 
125 550 200 
836 2400 200 
418 1300 200 
209 1200 200 
1080 2400 200 
540 1570 200 
360 1500 200 
(lin. = 25.4mm) 
(lkip = 4.45kN) 
Pfl Pf2 P f 
(kN) (kN) (Mean) 
190 202 196 
312 312 312 
320 320 320 
99.8 101 100 
157 156 156 
161 161 161 
45.5 44.5 45.0 
73.4 71.3 72.3 
73.2 73.4 73.3 
910 - 910 
437 - 437 
238 238 238 
381 382 381 
399 398 399 
89.9 89.5 89.7 
143 143 143 
166 163 165 
40.4 41.0 40.7 
58.9 60.2 59.5 

































































































































































































































































































































































































































































































































































































































































































Figure 1: Section Nomenclature 
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Loading Ram 
(1 in. = 25.4 mm) 
Branch Member Chord Member 
h=20Omm 
Steel Base Plate 
of Testing Machine 
(a) Schematic View of Test Arrangement 
2 
(b) Transducer Arrangement 








(Ii . = 25.4 mm) 
Pf= 307 kN 
........... (U ip = 4.45 kN) ( ~ ~ ~ r--. 
I 
2.0 4.0 6.0 










(1 in. = 25.4 nun) 
150 ~----------~~~~~UL~-----------4------------; 
z 





0.0 10.0 20.0 30.0 40.0 
Centreline Deflection on Top Flange <>m (nun) 
Figure 4: Typical Load VB Deflection Curve ( f3 = 0.5 ) 
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(a) P = 0.5 
(b) P = 1.0 





Strain Gauge Pairs 
Spreader beam 
F==::::S~~=========! Loading Plate 
M1::iI""r-------~~ll~----~~~------~ Fillet Weld Support Plate 
'-T------r...r-Tefion Pad 




= i 1.2 
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7~ ~-L T "'"' "]~ V J' ~oca1 Buckling 
I .f BID=1.0 f--+ S2C21 • S2C22 
,---7 T S2C23 BID=O.5 
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Dimensionless Curvature KlK p 









I" a . I . a .1 L 
(a) Schematic View of Test Arrangement 
2 
(b) Transducer Arrangement 
Figure 8: Interaction Tests 
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(1 in. = 25.4 rom) 
• S1BIC12 
.. S3BICI2A2 
2.0 4.0 6.0 
/ 
Midspan Deflection &n (mm) 











10.0 20.0 30.0 
Midspan Deflection om (mm) 
(b) ~=0.5 




































0.20 0.40 0.60 0.80 1.00 
Dimensionless Loading P/Pf 



























0.20 0.40 0.60 0.80 1.00 
Dimensionless Loading PjPf 
Figure 11(b): Dimensionless Loading vs Dimensionless Moment 

